Environmental samples are considered to be a cost-effective method of identifying Mycobacterium avium subsp. paratuberculosis (MAP)-positive dairy herds, but evidence for beef cow-calf herds is weak. This study aims at evaluating this approach in a total of 20 German herds that were characterized by individual faecal samples (n = 2545) of all cows. For 14 MAPpositive herds having at least one MAP-positive animal, the within-herd prevalence was calculated from concurrent individual faecal culture-based testing. Six herds certified as 'MAP free' based on the negative results of previous years served as MAP-negative controls. On average, six environmental samples were taken at the end of winter from areas with high cow traffic and tested for MAP by faecal culture. According to the environmental samples, nine (64·3%) out of the 14 MAP-positive cow-calf herds were infected. The percentage of positive environmental samples and the apparent within-herd prevalence (Spearman's P = 0·73, P < 0·001) as well as the herd-level test results (positive and negative) and the herd's status based on individual testing (Fisher's exact test, P = 0·014) showed a positive association. Considering limitations in low-prevalence herds, MAP-positive beef cow-calf herds are detectable by environmental samples in temperate climate zones.
INTRODUCTION
The first description of samples taken from an animal's environment in order to prove a herd's paratuberculosis infection was done in the early 1990s. Approximately 50 environmental samples were taken per farm from ten farms with paratuberculosis-infected herds and one further dairy herd in Pennsylvania; 15-20 from designated locations within the barn, 20-30 samples from the fields, creek banks, pastures and yards [1] . Mycobacterium avium subsp. paratuberculosis (MAP) was found in 5/11 farms with a recent history of Johne's disease. Most of the positive samples were taken from pastures and yards. The highest frequency of positive cultures occurred in farms with the largest number of heavily infected cattle. A markedly larger number of farms were tested for the first time in 80 herds known to be infected and 28 herds known to be uninfected from voluntary Johne's disease programmes in Minnesota [2] . Individual animal faecal samples from up to 100 cows from each farm were cultured in pools of five cows and compared with the results of two environmental faecal samples (EFS) per farm on average. Seventy-eight per cent of the herds known to be infected and one of the unsuspicious herds showed a positive reaction by EFS culture. Examinations of EFS for MAP by use of faecal culture or polymerase chain reaction (PCR) has proved to be a suitable method for the evaluation of Johne's disease status in dairy cattle herds in subsequent examinations [3] [4] [5] [6] [7] [8] . By contrast, there are insufficient studies regarding the suitability of this approach for the evaluation of a beef cow-calf herd's situation [9] . This joint research project, involving three federal states in Germany, aimed to obtain the first experience in sampling and validity of EFS in cow-calf operations. This study is, to the best of our knowledge, the first within Europe and Germany, and possibly worldwide, that deals with this topic in beef cow-calf herds.
MATERIAL AND METHODS

Study population
A total of 20 cow calf herds (Simmental, Limousin, Charolais or cross-breed herds), monitored by the animal health services of the federal states Rhineland-Palatinate, Saxony and Thuringia, were included in the study. Herds from Thuringia and Saxony were enrolled into a voluntary control programme as described previously [10] . However, in Rhineland-Palatinate a paratuberculosis control programme is not implemented. The total herd size ranged between 30 and 515 (median 195·5) . During winter all herds used a stable or an open-front loose barn, and pasture during the rest of the year. Calving season differed between herds (Table 1) . According to the current within-herd prevalence, herds with a high (n = 6) and a low (n = 8) within-herd prevalence were chosen for comparison with six herds that were certified as 'herds not suspected of having paratuberculosis'. In five of the latter herds all cows had been monitored for 3 years by annual individual faecal culture without any positive result, one herd was also tested by antibody ELISA over 7 years instead of first faecal culture without any positive result.
Environmental and individual sampling
On the 20 farms, six EFS had been taken on average from areas with high cow traffic (feed alley, drinking system, running alleyway), from the holding pen in the barn, the calving pen, the manure store as well as from the winter camp, mainly during the end of winter holding. An adequate number of at least five subsamples were manually taken using new latex safety gloves and a disinfected spatula from each location. The number of samples were primarily chosen according to the holding compartments. Technical reasons like grouping within the herd, the availability of manure at distinct locations and the contamination of manure with soil or straw had some impact as well. Therefore, the number of representative locations that could be sampled varied accordingly from herd to herd (min 1, max 14, Table 1 ). In the first instance areas with high cow traffic were sampled in all herds. The subsamples were placed together in a sterile 125 ml plastic cup with a screw cap (Urine cup UB 100, Labortechnik GmbH, Germany).
At about the same time as taking EFS, the herd's cows were individually sampled and tested by culture (n = 2545). All cows in the herd were sampled. The individual animal faecal samples were always taken with a new examination glove from the rectum. All faecal samples were wiped into a sterile plastic cup as described above which contained a barcode. For the animal's identification, an EDP-readable form was used to complete the cow's ten-digit ear tag number. EFS as well as individual samples were transported in a cooler to the laboratory and stored until examination at −20°C (±2°C) for 1-4 weeks.
Faecal culture
All samples from Rhineland-Palatinate and Thuringia were examined in the laboratory of the Thuringian animal health service in Jena and those from Saxony in the Saxon state laboratory for public and veterinary health in Dresden. The cultural examination of the individual animal samples as well as the EFS was performed according to the official manual of diagnostic procedures published by the Friedrich-Loeffler-Institut, German Federal Research Institute of Animal Health [11] . The differentiation of suspicious colonies was done via Ziehl-Neelsen staining as well as subculture (testing of the mycobactin-dependent growth) and an IS900 PCR [12] . Inconclusive PCR results due to inhibited PCR runs were repeated after dilution of the extracted DNA. All suspicious colonies were identified as MAP. Repeated cultivations were performed when bacterial and fungal growth of contaminants led to suspicion of overgrowth and reduced interpretability of the culture. Non-evaluable samples due to contamination were not taken into consideration.
Within-herd prevalence calculation and herd classification
Herds defined as MAP positive were those that had at least one sample containing a proven cultural growth of MAP out of all examined individual animal faecal samples. Provided that farmers had a bovine population in several places, they were seen as one farm due to the extensive within-operation animal movement. The apparent within-herd prevalence of infected animals was calculated by dividing the number of faecal culture-positive samples by the number of tested individuals. According to other authors (e.g. [13, 14] ), herds with a mean apparent MAP prevalence 45% were categorized as low-prevalence herds, and those above this threshold as high-prevalence herds.
A farm was declared as EFS positive if MAP was established in at least one of the farm's EFS.
Statistical analysis
Fisher's exact test [15] was used to verify the association of the farm's EFS results with the herd's status on the basis of individual animal faecal samples. The calculation of the non-parametric correlation coefficient according to Spearman [16] was used to describe the relationship between within-herd prevalence and the percentage of positive EFS per farm. Due to the high variation in the number of EFS between herds, the calculations were performed with and without farms with <3 EFS. Furthermore, in the analysis two farms with <3 EFS were excluded along with another herd with an extreme individual animal faecal prevalence, as it was considered to be an outlier. The significance level was specified as P < 0·05. 'R' statistical software was used for the calculations [17] . Table 1 shows the test results of the EFS and the individual animal faecal samples. Based on the results of the individual animal faecal samples, the 14 infected beef cow-calf herds were classified in two groups, i.e. farms with high (>5%) and low (45%) within-herd prevalence. The latter herds had a median of 3·5% (min 0·9%, max 4·6%) for their individual animal faecal prevalence; which was 7·7% (min 5·8%, max 43·1%) for the high-prevalence herds. The overall testing of 117 EFS by faecal culture showed positive results in 21 (17·9%) samples. Sixteen of the positive samples came from high-prevalence herds whereas only five were from low-prevalence herds. The EFS of the six certified MAP-negative beef cow-calf herds did not show any MAP-positive result. However, within all high-prevalence herds, MAP was established in at least one EFS whereas in the EFS of the low-prevalence herds only four (44·4%) out of nine showed a MAP-positive result. In total, 9/14 MAP-positive cow-calf herds (64·3%) were detected as infected due to examination of EFS. A significant positive relationship (Spearman's non-parametric correlation coefficient, r s = 0·73, P < 0·001) was detected between the percentage of positive EFS and the amount of positive individual animal faecal samples (see Fig. 1 ). The re-analysis without the two farms with <3 EFS collected and the farm with an extreme individual animal faecal prevalence resulted in r s = 0·69 (P < 0·01). Fisher's exact test also showed significant associations (P = 0·014) between the dichotomous EFS results at the farm level and of the herd's status due to individual animal faecal sample testing (positive and negative). The test remained significant after exclusion of the two farms with <3 EFS collected and one farm with an extreme individual animal faecal prevalence (P = 0·035).
RESULTS
As inferred from Table 2 , most samples were taken in areas with high animal traffic in infected farms (40.0%) as well as unsuspicious ones (41.4%). MAP was found in 25% of the samples taken from infected farms.
With regard to just the high-prevalence infected herds, there is a share of 56·3% (9/16 samples) taken from areas with high cow traffic that tested positively. In addition, positive samples were taken from the examiners' boot soles, the cattle crush floor, its alley and forcing pen, as well as from pens holding sick cows. Thirty-five of the 51 samples that were taken in other areas than those with a high animal traffic were from low-prevalence farms and only two of the samples showed a positive result: the first taken from a group pen, the other from a pen used by animals suspected of Johne's disease.
DISCUSSION
The present study is the first in Europe, possibly worldwide, that deals with the use of EFS to identify a MAP infection in beef cow-calf herds: six herds that were certified as 'herds not suspected of having paratuberculosis' due to repeated herd examinations in individual faecal culture were compared with 14 MAP-positive cow-calf herds. The within-herd prevalence in these herds ranged between 0·9% and 43·1% (median 3·8%), hence nine of them are low-prevalence and five high prevalence herds. An American study examined 380 beef cow-calf herds with 10·371 cows serologically; 7·9% of the herds and 0·4% of the cows, respectively, were detected as positive by ELISA, but an underestimation of the prevalence due to limited sensitivity of the ELISA test was assumed [18] . Other authors tested 840 cows serologically and by faecal culture (pools of five with individual animal follow-up examinations of positive pools) [19] . Although MAP was only proven in the faeces of two animals, Bayesian estimates of true prevalence indicated that 20% [95% confidence interval (CI) of herds had at least one MAP-positive cow with a within-herd prevalence of positive herds of 22% (95% CI 8-42). In a Swiss study, a within-herd prevalence of 6·4% in seven infected beef herds was detected by faecal culture and PCR in pools of three [20] . The number of animals sampled in these herds ranged from 25 to 130 with an average number of 56 animals aged >1 year. In all of the 20 cow-calf herds of the present study, on average six EFS were tested culturally. The samples were collected simultaneously (±1 month) at the last individual sampling. The results show that MAP-infected cow-calf herds with a withinherd prevalence of 5% can be precisely identified by examination of EFS. According to an examination of Canadian dairy herds, EFS taken in spring and summer are more likely to be positive than samples taken during the winter months [21] . Next to possible influences of temperature and humidity, the examiners stated differences in the taking of samples as possible reasons, i.e. a lower number of samples taken from liquid manure lagoons and pits. Alternatively, a shorter length of MAP survival was reported at high temperatures due to intensive insolation [22, 23] . Hence, the beginning of spring at the ending of the cold season seems to be the ideal time for taking EFS from cowcalf herds in temperate climate zones. At this point, a lot of cow-calf herds are still kept in stables, or the cow's winter camp can be used for sampling, respectively. Depending on within-herd prevalence the reliability of the examination of EFS of cow-calf herds is, at this point, comparable with that of dairy cattle herds. Out of 31 MAP-positive herds, 22 (71%) proved to be positive by EFS, and all dairy herds with a within-herd prevalence >5% were EFS positive in a German study [7] . North American studies estimate the herd-level sensitivity of EFS taken from areas with high animal traffic in dairy herds at 68-80% [9, 24, 25] . The herd-level sensitivity of 64·3% stated in the present study is comparable to these former data; the slightly lower value might be due to the relatively low number of tested herds. A specificity of 100% can be assumed for faecal culture as the test method, because the cultural examination of faeces can be seen as 'gold standard' and speciation with IS900 PCR in combination with cultural morphology and Ziehl-Neelsen staining guarantee very high diagnostic precision. The negative EFS results throughout from herds certified as not suspected of having paratuberculosis justify this assumption. By sequential acquisition of EFS, the diagnostic precision can be further increased [26, 27] . In doing so, the infection can be proven in herds with a lower within-herd prevalence. A longitudinal study in seven Canadian dairy herds identified a lower limit of within-herd prevalence at 2% for the proof of infection by EFS [5] . Another Canadian study compared the results of EFS taken at 3-month intervals with the examination of pools of five taken at bi-annual intervals with a follow-up examination of positive pools in the within-herd prevalence. Due to sequential acquisition, the sensitivity was able to be increased from 71% at a single EFS examination to 90% at an examination performed six times in >30 herds. However, a loss of specificity from 99% to 96% resulted from sampling six times [8] .
Almost the same results were achieved in eight German herds with sequential sampling of gauze pads from the soles of boots (i.e. boot swabs): over 3 years a total 130 samples were taken by walking the paths of lactating cows in the barn; 58/64 boot swabs (90·6%) were from four infected herds. In the four herds that were assumed to be negative due to missing positive test results by individual faecal culture 1·5% of the swabs showed a positive result by faecal culture. Presumably, cows in one of the latter herds were not completely MAP negative, but the within-herd prevalence was low. Alternatively, these positive results might have been caused by MAP new entries of birds and other wild animals [27] . All things being equal, the transmittal from bovine herds to wild animals seems to be more likely than the other way around [28] [29] [30] [31] . On the other hand, positive results in the ELISA of unsuspicious farms might have been caused by unspecific reactions due to other mycobacteria [32] [33] [34] .
The cow alleyways as well as the manure store or liquid manure lagoons and pits turned out to be highly efficient for sampling [2, 21, 35, 36] . For our examination, most of the samples from infected (40.0%) as well as unsuspicious (41.4%) herds were taken in areas with high cow traffic. MAP was established in 25% of the infected farms. Considering only the infected farms with high prevalence, the detection rate doubled to 56·3%. By contrast, for alleyways of dairy cattle herds, detection rates of 40-53% were found [4, 5, 7, 21, 35] . The detection rate for dairy cattle might also be related to husbandry, a higher number of heavy shedders within the herd and higher within-herd prevalence. For dairy herds with a high (35%) to medium (16%) prevalence due to individual animal's faecal culture a sensitivity of 100% and 95% were calculated, respectively, when four EFS per farm were taken; however, when examining 10 EFS from herds with a prevalence of 5% this only achieved 38% [37] . For the present examination the within-herd prevalence showed >10% in only one herd. In our examination, positive samples were also taken from the soles of the Wellington boots of the examiners, the cattle crush floor or its alley and forcing pen as well as from sick cow pens. These locations can indeed be seen as suitable for sampling; however, the relatively low number of samples from these areas should be considered. In seven Michigan dairy herds positive EFS were gained beyond areas with a high animal traffic or the manure or liquid manure stores only in farms with within-herd prevalence near or above 5% [5] . By contrast, other publications stress the necessity of sampling from different areas for farms with a low within-herd prevalence [7] . In the present examination of cow-calf herds, a positive sample was taken from a group pen's floor in low prevalently infected herds, which was one of two positive samples from this farm with a prevalence of 2·5% calculated from individual testing by faecal culture.
Considering that this study focuses on the probability of having test-positive EFS with respect to apparent within-herd prevalence, the large variation in the number of samples tested in herds is expected to strongly affect test performances, particularly sensitivity. Herds were very different regarding herd size and rearing conditions. Therefore, it was not possible to specify the sampling locations in advance as in previous studies performed in dairy herds [38] , and the number of samples per farm varied between 1 and 14. The number of samples primarily varied according to the holding compartments of the herds. Furthermore, technical reasons such as grouping within the herd as well as the availability of manure at distinct locations and the contamination of manure with soil or straw influenced the sampling in a specific herd. As a study evaluating the use of boot swabs and liquid manure samples for herd-level diagnosis of paratuberculosis [10] , we demonstrated a good sensitivity of EFS even if only one or two samples per herd were analysed. Hence, herds with only few EFS were not excluded from the initial analysis. In a second analysis both herds with low numbers of EFS were omitted from analysis in order to reduce the influence of the large variation in number of samples. One herd with a very high individual animal faecal prevalence was also excluded, because it was considered as an outlier. These changes resulted in a minor reduction of Spearman's rank correlation coefficient that still demonstrated a significant relationship between the EFS test results and the individual animal faecal prevalences. Despite this, our study demonstrates that a predefinition of sampling locations or the number of samples is more challenging in beef cow-calf herds than in dairy herds. Considering the fact that the number of EFS collected at one farm visit influences the diagnostic sensitivity of the EFS approach [21] , a minimum number of EFS collected per farm visit should be ensured to avoid a drop in sensitivity. Regarding the results of this study and previous studies [21, 38] , a minimum number of three EFS seems to be adequate. If the on-farm situation does not allow an adequate sampling at three different types of location, unaccessible samples should be replaced by others [21] .
Other authors also observed an increase of the number of MAP-positive EFS and thus of the method's sensitivity in dairy herds in relation to a rising within-herd prevalence [1, 2, 7, 8] . Recently, this association was described by a logistic regression model and used to calculate thresholds of the withinherd-prevalence that allow the identification of a herd as MAP positive [38] . Corresponding evidence was also given when performing a sequential taking of boot swabs [27] , and the appropriate logistic regression model led to a within-herd prevalence threshold of ∼4% for single sampling of a boot swab and liquid manure sample, when faecal culture and a real-time PCR were applied simultaneously [10] . The present examination of cow-calf herds has also shown a positive relationship between the percentage of positive EFS and the apparent within-herd prevalence estimated by individual faecal culture testing. Hence, EFS can not only be used for the detection of infected herds, but also for supporting the sanitation of infected farms. In this manner, the success or failure of hygienic measures can be established and elucidated to the animal owners. Furthermore, this approach can be used in monitoring programmes and in studies to estimate herd-level prevalence of MAP infection in a region or country. If the establishment of appropriate control programmes at the regional or federal level proves successful, the danger of a new introduction of the infectious agent into a herd by the purchase of animals would finally decrease for beef cow-calf as well as dairy herds due to the testing of herds by EFS. In a recent Swiss study, purchase of animals was identified as the most important risk factor overall followed by contact of heifers and calves with faecal material from adult animals, but both factors were not significant for the seven examined beef herds in their study [20] . It can be stated that the purchase of cattle into the stock should be rated as an important risk factor whereas the relevance of wild animals or other domestic animals for the infection's transmission is not measurable [31] . According to a model calculation, after two sequenced negative tests of EFS, the probability of a cow's individual faecal culture being positive is already <1% [8] . Herds with a medium to high within-herd prevalence can already be very precisely identified after a single EFS examination as probably having the highest risk of new infection in free herds. In addition, the examination of EFS in herds with high, medium or low within-herd prevalence is the most economic method for identification of MAP-positive herds [37] . More research is needed to clarify which sampling protocols are ideal for beef cow-calf herds.
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